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Pickett, Daniel Edward, M. S., May 1993 Physics
Photoelectric UBV Photometry of Cygnus OB3 and Cygnus OB9 
Director: David B. Friend D B P
Ultraviolet (U), blue (B), and visual (V) photoelectric photometry was employed to 
obtain observations of 98 stars in the galactic OB associations, Cygnus OB3 and Cygnus 
OB9. The procedures of UBV photoelectric photometry and data analysis are explained. 
Color-magnitude and color-color diagrams are plotted and then used in the elimination of 
foreground and background stars. In addition, color-magnitude diagrams using a 
reddening free parameter are employed in the elimination process. After the removal of all 
non-association members from the original observations, 15 new members for Cyg OB3 
are proposed as well as 9 new members for Cyg OB9.
All stars in each association are then plotted on completely reddening free color- 
magnitude diagrams. These plots are then used in conjunction with a zero age main 
sequence line to compute the distance modulus (DM) for each association. A DM =11.3 
and DM = 10.8 are found for Cyg OB3 and Cyg OB9, respectively. Using adopted 
spectral types, bolometric corrections, and effective temperatures, a Hertzsprung-Russell 
(H-R) diagram is then plotted. The theoretical mass tracks model of Maeder and Meynet 
(1988) is superimposed onto the H-R diagrams, dividing the stars into mass bins. The 
initial mass function (IMF) for each association is computed and graphed on a log-log 
diagram. The slope (F) of each IMF is calculated through least squares fitting. Slopes of 
F  = -1.15 ± 0.36 and F  = -1.05 ± 0.6 are obtained for Cyg OB3 and Cyg OB9, 
respectively. These slopes are compared to published values for various areas of the 
galaxy. The physical significance of the IMF is discussed and conclusions are drawn.
u
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I. INTRODUCTION
Galactic OB associations are loose groups of stars characterized by a higher number 
of O and B spectral types than the average value for a random area of the sky. This 
anomaly may be accounted for by one of two theories: 1) Since O and B stars are more 
massive than any other type of star, they are the first to begin nuclear fusion in a protostar 
cloud. Being extremely massive, O and B stars have very high temperatures and burn 
quickly. Their resultant stellar winds would tend to dissipate the less massive protostars 
before they formed. Thus a disproportionate number of O and B stars would exist in the 
newly born association (See Carroll and Ostlie (1990) for further information). 2) Stars of 
aU spectral types exist within the association but only the O and B spectral types are 
sufficiently bright to be seen from earth (See Blaauw (1963) for further information). In 
either case, only O and B stars are observed in these associations. Even though OB 
associations contain a relatively high number of very massive stars, they do not possess 
enough mass overall to remain gravitationally bound. For this reason they do not warrant 
characterization as a full open cluster.
Since OB associations contain the hottest, youngest stars in the galaxy they are of 
great interest to astronomers studying stellar formation and massive star evolution. 
Garmany and Stencel (1992) compiled a list of observations of 24 OB associations in the 
Cygnus and Perseus arms of the Milky Way. Cygnus OB3 and Cygnus OB9 were 
included in this List but it was in the form of a survey and was not intended to be a detailed 
study of specific associations. I chose to research these two particular associations for 
four reasons: 1) The distance moduli, color-magnitude, and color-color diagrams 
published in this survey were not very accurate. 2) Cygnus was well placed in the sky for 
my location and observing season. 3) Cyg OB3 and Cyg OB9 have few enough stars to 
be practically observed with a photoelectric photometer. 4) No detailed study of these
1
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two associations has yet been published. This thesis presents more extensive observations 
and more detailed calculations of the distance moduli, magnitudes, and color excesses for 
Cyg OB3 and Cyg OB9 than those previously published in the survey. In addition, color- 
magnitude, color-color, and Hertzsprung-Russell (H-R) diagrams are plotted. It is my 
intention not only to investigate the Garmany and Stencel (1992) results but to expand 
upon them. In this regard I explore the possibility of adding new members to both 
associations. Using theoretical evolutionary mass tracks I differentiate stars into mass 
categories. I then compute the initial mass function (IMF) for each. Finally the IMF slope 
is derived and compared to published values for different areas of the galaxy. Conclusions 
are drawn and some suggestions for further research in this area are made.
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n. OBSERVATIONS
All photometric data presented are based upon our observations using the 16 inch 
Cassegrain telescope at the University of Montana's Blue Mountain Observatory near 
Missoula. Cyg OB3 and Cyg OB9 are located in the constellation of Cygnus the Swan in 
the galactic plane (see Figs. 1 and 2). Observations of 98 stars were taken over a period 
of three months during the summer and fall of 1992. These stars were chosen by 3 major 
criteria: 1) All stars had to be bright enough to be consistently observable with a 16" 
telescope. 2) All members in the general survey which could be cross referenced with the 
Sets of Identifications, Measurements, and Bibliography for Astronomical Data 
(SIMBAD) data base in France were observed. 3) All non-member O and B stars in the 
vicinity of each association were explored as possible new members. Stars were located 
using coordinates from SIMBAD and the Uranometria 2000.0 star chart (Tirion, 
Rappaport, and Lovi (1987)). I used an Optec photoelectric photometer equipped with 
filters for ultraviolet, blue, and visual (UBV) wavelengths to get color-sensitive photon 
counts. A 286 PC running the RPHOT data acquisition program was linked to the 
photometer. In this way data were routed directly from photometer to hard-drive and 
human errors were greatly reduced. Each observation consisted of three integrations per 
color and every star was observed a minimum of twice per night on two different nights. 
Thus each star had a minimum of 12 measurements in U, B, and, V over which to average 
the final counts. Tables 1 and 2 list my observations for all 98 stars in both associations.
The photometer, however, only measures the photon flux from stars; it does not 
directly measure apparent stellar magnitudes. The system used by astronomers to 
differentiate the brightnesses of stars in a systematic way is somewhat involved. A 
complete description of this system is beyond the scope of this thesis but some explanation 
is required for the understanding of later sections. All stellar magnitudes are defined
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Table 1. Cvg OB3 Observation List.
bs. # Object V B-V U-B Obs. # Object V B-V U-B
1 HD226868 8.83 0.88 -0.30 31 HD228199 9.27 0.18 -0.71
2 HD227018 8.96 0.41 -0.64 32 HD192445 7.02 0.03 -0.83
3 HD191243 6.22 0.14 -0.48 33 HD228053 8.79 0.51 -0.54
4 HD227704 8.66 0.33 -0.68 34 HD190467 8.49 0.17 -0.40
5 HD227245 9.85 0.60 -0.50 35 BD363845 10.14 0.33 -0.09
6 HD226951 9.16 0.19 -0.73 36 HD226857 10.25 3.40 0.05
7 HD190967 7.88 0.48 -0.62 37 BD353929 9.48 0.18 -0.66
8 HD190864 7.69 0.23 -0.78 38 HD227415 9.23 0.39 -0.57
9 HD227586 8.72 0.27 -0.68 39 HD227005 11.24 0.19 0.18
10 HD190429 6.55 0.20 -0.78 40 HD227247 9.08 0.35 -0.59
11 HD190918 6.77 0.22 -0.80 41 HD227465 10.25 0.50 -0.56
12 HD227877 8.95 0.17 -0.61 42 HD191611 6.81 0.30 -0.45
13 HD190919 7.23 0.27 -0.67 43 HD228079 9.28 0.06 -0.26
14 HD227634 7.86 0.28 -0.66 44 AG361966 8.30 0.44 -0.62
15 HD227621 10.13 0.27 -0.61 45 AG361967 9.18 0.22 -0.68
16 HD227767 9.06 0.01 -0.85 46 HD227671 9.95 0.22 -0.55
17 HD191495 8.35 0.17 -0.81 47 HD227785 9.43 0.01 -0.34
18 HD227611 8.71 0.39 -0.76 48 BD353986 9.95 0.50 -0.50
19 HD227696 8.23 0.25 -0.68 49 HD227960 9.45 0.25 -0.75
20 HD191566 7.70 0.20 -0.74 50 HD228007 10.02 0.13 -0.55
21 HD191201 7.21 0.19 -0.79 51 HD228041 9.04 0.34 -0.70
22 HD227460 9.50 0.14 -0.68 52 BD354008 9.17 0.21 -0.59
23 HD191612 7.81 0.26 -0.70 53 HD228301 10.61 0.26 -0.57
24 HD227680 9.63 0.38 -0.50 54 HD228347 9.35 0.65 0.25
25 HD228104 9.01 0.30 -0.78 55 HD227722 9.51 0.07 -0.69
26 HD191139 7.90 0.27 -0.71 56 HD228368 8.37 0.49 -0.59
27 HD191917 7.76 0.15 -0.73 57 HD228452 9.72 0.65 -0.15
28 HD227757 9.15 0.22 -0.78 58 HD228557 10.26 0.43 -0.31
29 BD363882 9.84 0.42 -0.55 59 HD191291 7.94 -0.03 -0.42
30 HD191456 7.40 0.11 -0.82 60 HD227920 9.15 0.09 -0.43
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Table 2. Cvg QB9 Observation List
Obs.# Object V B-V U-B
1 HD193427 9.22 0.45 -0.49
2 HD193855 7.76 0.29 -0.42
3 BD394131 10.15 0.59 -0.39
4 HD229134 10.80 0.68 0.15
5 HD193794 8.87 0.27 0.03
6 HD194334 8.78 0.86 -0.22
7 HD229179 9.90 1.06 0.02
8 HD229159 8.61 0.96 -0.07
9 BD384055 10.41 0.74 -0.24
10 HILT 960 10.47 1.20 0.12
11 HD194205 9.04 0.56 -0.34
12 HILT 972 10.61 1.65 0.61
13 BD394169 9.77 0.47 -0.39
14 BD394168 9.91 1.10 -0.06
15 HD229202 9.41 0.86 -0.21
16 HD194649 8.95 0.99 -0.12
17 L S II4032 11.25 1.04 -0.07
18 BD404146 10.25 0.12 0.09
19 HD194194 8.07 0.09 -0.72
20 BD404149 10.21 0.92 -0.15
21 HD194279 7.01 1.04 -0.07
22 HD229196 8.49 0.91 -0.22
23 BD404179 9.57 0.62 -0.47
24 BD404185 9.74 0.86 -0.19
25 HD195213 8.71 0.90 -0.30
26 HD194779 7.78 0.26 -0.53
27 HD194839 7.46 1.02 -0.13
28 HD228797 9.89 0.90 -0.12
29 HD228875 9.47 0.25 -0.49
30 HD 193946 8.96 0.94 -0.06
31 HILT 970 9.86 1.17 0.04
32 HD228712 8.69 1.11 0.00
33 HD193117 8.73 0.59 -0.45
34 HD228928 9.77 0.86 -0.19
35 HD 193426 7.76 1.04 0.24
36 BD404124 11.30 0.47 0.08
37 HD229108 9.51 0.82 -0.27
38 HD229232 9.51 0.84 -0.21
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relative to the brightness of Vega, the brightest star in the constellation Lyra. Vega is 
defined to be 0th magnitude in all wavelengths of light. The magnitude scale is somewhat 
counterintuitive, however. Stars brighter than Vega have negative magnitudes while the 
dimmer a star is, the more increasingly positive its magnitude. The difference between the 
magnitudes of two stars is proportional to the logarithm of the ratio of their fluxes:
m j-m j =  -2 .5 * lo g (F i/F 2 )
Here, m, and mj represent apparent magnitudes (the magnitudes seen from earth) and Fj 
and Fj can be expressed in any system of flux units desired. For the type of photometry 
that I have chosen, one of the apparent magnitudes and its corresponding flux are well- 
known values from a standard star such as Vega.
But all of this is still insufficient to calculate a star's apparent magnitude. In order to 
derive useful numbers from the photon counts I needed to make four calibrating 
measurements. The first of these was simply a background radiation count. This allows 
one to subtract those stray photons which do not come from the star itself. These "dark 
sky" counts were taken periodically throughout the night with frequency dependent upon 
sky conditions. A rising moon or a light haze can significantly change the final results.
The second set of measurements accounts for the fact that stars in different areas of the 
sky shine through varying amounts of the earth's atmosphere. The thickness of this "air 
mass" may also vary slightly from night to night for any given area of the sky, dependent 
upon weather conditions. Since shorter wavelengths are scattered more that longer ones, 
one must calibrate the photometer not only for varying air masses but varying star colors 
also. These effects are known as first order extinction (FOE). To account for the FOE, I 
observed a set of standard stars of different colors over a range of air masses every night. 
These standards have widely accepted colors and magnitudes used for calibrating 
photometers to the Johnson magnitude system, the standard system used by astronomers 
today. The various colors of the standard stars are then plotted versus air mass. Any
8
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given magnitude should be a linear function of air mass (see Fig. 3). If all FOE plots 
describe a line then it was a good night for photometry.
The next two calibrating measurements account for phenomena which are functions 
of the photometer so that nightly observations are not necessary to correct readings. 
Second order extinction (SOE) results from the fact that the filters in the photometer 
scatter light This is an extremely small effect, changing the final result an average of 0.1 
magnitude. To account for SOE, I observed another set of standard stars on two widely 
separated nights and then averaged the final coefficients. The photon counts, now 
corrected for FOE, SOE, and background radiation, must now be converted into Johnson 
magnitudes. Since no two photometers have exactly the same response to incoming hght, 
yet more observations of standard stars must be taken. These standards, again, have well- 
known magnitudes but are observed at the smallest air mass possible to minimize light 
fluctuations. The standard star magnitudes give the data reduction software a basis for 
transforming the photometer output to the standard system. The "transformation" 
coefficients are then plotted much like the FOE graph (see Fig. 4). Again, a linear plot 
means a good set of coefficients. After all four of these calibration procedures have been 
followed, the original photon counts can be reduced to Johnson magnitudes.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
19.6
19.55
19.45
19.4
1.4
Air Mass
Fig. 3. A typical night of FOE observations. The y-axis represents the difference 
between a standard star's well known apparent magnitude (V) and the 
magnitude that I observed (v).
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2
1.5
1
0.5
0
-0.5
2 -1.5 -1 -0.5 0 0.5
(b-v)o
Fig. 4. This diagram represents a sample color of the standard star observations 
used to calculate the transformation coefficients used in the reduction of all my 
data. B-V represents the well known color of the standard star, (b-v)o is the 
color I observed, extrapolated to zero air mass.
11
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m. DATA REDUCTION AND ANALYSIS
A^JSoftware and Quality ControL
The RPHOT data acquisition and reduction software contains 3 programs used in 
reducing the raw data to final magnitudes. The initial reductions program (IREX) 
examines the photon counts and flags integration sets with a 3% or greater deviation from 
the mean. All observations with deviations of more than 4% were eventually weeded out 
in the analysis procedure and most were under 3%. IREX then averages each set of 
integrations and subtracts dark sky counts. The second program, TRANS, calculates that 
night’s FOE coefficients and SOE or transformation coefficients if those standards were 
observed. It then calculates the root mean square deviation for the coefficients and shows 
the deviations due to each standard star so that bad data points may be removed. At this 
point the FOE and transformation plots (Figs. 3 and 4) are generated and points that 
deviate from a line may also be removed. The final reductions program (FREX) then 
takes the "clean" FOE, SOE, and transformation coefficients and reduces the IREXed 
photon counts into Johnson magnitudes.
Multiple observations of the same star were then compared. Any set of observations 
with a magnitude variance of 0.1 or greater in V, B-V, or U-B was discarded. V, B-V, 
and U-B values were also checked against the magnitudes listed in the SIMBAD data 
base. Any observation that differed wildly ft’om these published values was also discarded. 
In this way all poor photometry, unresolvable binaries, and short period variables were 
removed from the list. All good photometry was then averaged to produce the final colors 
and magnitudes used in further calculations.
12
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B. Color-Maenitude Diagrams.
Since I observed 27 new O and B stars in the vicinity of Cyg OB3 and 11 new ones 
around Cyg OB 9 ,1 needed to discover if any of these candidates were physically 
connected to their respective association. To remove possible foreground and background 
stars I first made color-magnitude plots (Figs. 5 and 6). These are supposed to reveal the 
main sequence of the association, a line upon which stars live the greater portion of their 
lives. Unfortunately, since both associations lie in the galactic plane, the star light is badly 
reddened by intervening gas and dust. The color-magnitude diagrams seem to be little 
more than random scatter plots, but suspicious stars can be noted along the lower and 
right borders. These suspicious stars were carefully scrutinized in the next two diagrams.
C. Color-Color Diagrams and Reddening.
To better see which stars may not be related to the associations I made color-color 
diagrams (see Figs. 7 and 8). Since the U-B and B-V colors are almost equally affected by 
reddening, these plots separate the stars into two distinct groups: those of nearly equal 
reddening and those few with very different reddening. Those stars with nearly equal 
reddening must be physically associated since their light must have traveled through the 
same distance and hence equal amounts of interstellar material before it reached us. Those 
stars not reddened enough must be foreground stars and those reddened too much are 
background stars. This effect is most notable in the Cyg OB9 color-color diagram (Fig.
8). The four lowest points line up beautifully along the unreddened main sequence and the 
upper group follows a line of slope = -0.8. This is known as the reddening line and may 
be calculated directly from: U-B = Q + S*(B-V). Here S is the slope of the line and can 
be found by taking the ratio of the color excesses: E(U-B) /  E(B-V). The color excesses 
are defined as: E(B-V) = (B-V) - (B-V)^ and E(U-B) = (U-B) - (U-B)„. The 
unreddened values (B-V)„ and (U-B)^ are based upon the spectral type and luminosity 
class of the star. These values were taken from Flower (1977). I calculated the
13
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|> 9 --
4 -
11  - -
- 0.1 0.0 0.1 0.2 0.3 0.4
(B-V)
0.5 0.6 0.7 0.8 0.9
Fig. 5. This diagram shows the relation between the (B-V) colors and the apparent 
visual magnitudes of the original 60 stars of Cyg 0B 3. Star marker size is 
representative of maximum allowable photometric error.
14
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10  - -
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0.8
Fig. 6. This diagram shows the relation between the (B-V) colors and apparent 
visual magnitudes of the original 38 stars of Cyg 0B9. Star marker size is 
representative of the maximum allowable photometric error.
15
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
- 0.8
- 0.6
-0.4
- h
- 0.2
0.2
0.4
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(B-V)
Fig. 7. Color-color diagram for Cyg OB3. Both (B-V) and (U-B) colors are affected 
equally so this plot separates unequally reddened stars from the main group.
Note the unreddened main sequence line near the bottom.
16
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Fig. 8. Color-color diagram of Cyg OB9. Both (B-V) and (U-B) colors are affected 
equally so this plot separates unequally reddened stars from the main group.
Note the unreddened main sequence line near the bottom.
17
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E(U-B) / E(B-V) ratio for my observations but the average values did not significantly 
differ from the -0.8 value used by Massey and Thompson (1991) for the Cygnus region. 
With the slope S chosen, the reddening-free index Q may now be calculated: Q = (U-B) - 
0.8*(B-V). Plotting Q against the apparent visual magnitude, a new color-magnitude 
diagram is obtained (Figs. 9 and 10). This plot, like the (B-V) vs. (U-B) graph, separates 
the stars into two distinct groups. Those stars furthest to the right on the diagram are too 
red to be association members. They are either highly reddened background stars or red 
foreground stars. In the Cyg OB3 diagram this effect is especially marked. We can note 
two clear groups of stars in Fig. 9 and several suspicious strays can be seen in Fig. 10.
The problem that confronted me at this point was that no single diagram for either 
association clearly culled out all foreground and background stars. This problem can be 
attributed to the wide range of reddening in both associations. Widely separated 
reddening values for physically close stars suggests a high degree of inhomogeneity in the 
surrounding gas and dust. To solve this problem all three diagrams must be examined in 
concert and then each star's spectral type and luminosity class needs to be studied to see 
where it should lie along the plots. Only then could I confidently identify those stars not 
physically connected with the associations.
D. Results of Color-Magnitude and Color-Color Diagram Analysis.
Of the original 38 stars in Cyg OB9 list I threw out 3 program stars and 2 candidates 
due to poor photometry. One program star, Hilt 972, was found to be a background star. 
Hilt 972 was so reddened that I could not plot it without seriously skewing the scale of the 
graph. Another program star, HD 193794,1 found to be a foreground star. O f the 
original 60 stars in the Cyg OB3 list, I discarded only one program star, HD 191566, due 
to poor photometry. It has a close binary companion and I could not get photon counts of 
it without interference from its partner. Eight candidates were discarded due to poor
18
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Fig. 9. Color-magnitude diagram of Cyg OB3 using the reddening free parameter, Q. 
Note the separate scattering of stars to the right o f the main group.
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Fig. 10. Color-magnitude diagram of Cyg OB9 using the reddening free parameter, Q. 
Note the four suspicious stars furthest to the right.
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photometry, including AG361966 and AG361967, another closely paired system. Four 
candidates were found to be foreground stars in Cyg OB3. Of the remaining stars I 
propose 15 new members for Cyg OB3 and 9 new members for Cyg OB9. These new 
stars have somewhat enhanced the accuracy of my distance modulus and IMF calculations.
Tables 3 and 4 list the final memberships with all pertinent physical data. Since I did 
not have access to a spectrograph I was forced to use the spectral types listed in the 
SIMBAD data base. When a luminosity class was in question it was inferred from the 
star's magnitude and position on the color-color and color-magnitude diagrams. Inferred 
luminosity classes are enclosed in parenthesis under the spectral type columns of Tables 3 
and 4. These spectral types were then cross referenced with FitzGerald (1970) to obtain 
(U-B)o and (B-V)^, values. Effective temperatures and bolometric corrections (BC) were 
obtained from Flower (1977). These two authors were chosen because of their greater 
range of values at the high end of the spectral class. The next order of business was to 
obtain the correction for interstellar extinction. The standard ratio of total to selective 
absorption, R = 3.0, has been calculated by Hiltner and Johnson (1956) and, more 
recently, Torres-Dodgen et. al. (1990). The absorption correction is defined to be: A^ =
R * E(B-V). \  describes how many magnitudes the apparent visual magnitude is 
increased due to interstellar extinction (recall, an increase in magnitude results in a 
decrease in brightness). The apparent visual magnitude corrected for interstellar 
extinction is therefore: V̂ , = V-A^. Thus describes the visual magnitude that would be 
observed without intervening dust and gas. As can be seen on Tables 3 and 4 this 
intervening material has dimmed some stars by more than 3.5 magnitudes. (B-V)„ is now 
plotted against to obtain a completely unreddened color-magnitude diagram (Figs. 11 
and 12). The stars on these plots form a nearly vertical line with a slight curvature at the 
lower end. This line describes the main sequence of the association. When this line is 
compared to a well known main sequence the distance to the association may be derived.
21
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Table 3. Cve OB3 Final Membership List.
O k # _Objec^ B-V U-B Vo Av (B-V)o SP.TYPE E(B-V) E(U-B) Mvo BC Mbol iog(Teff)
1 HD226868 8.83 0.88 -0.30 5.47 3.36 -1.00 -0.24 BOIb 1.12 0.75 -5.78 -264 -8.32 4.44
2 HD227018 8.96 0.41 -0.64 6.77 2.19 -0.97 -0.32 06.5m 0.73 0.54 -4,48 -3.38 -7.86 467
3 HD191243 622 0.14 -0.48 564 0.68 -069 -0.09 B5Ib 023 0.21 -5.71 -0.90 -6.61 4.16
4 HD227704 8.66 033 -0.68 6.76 1.89 -0.94 0.30 Bom 0.63 0.40 ^.49 -3.12 -7.61 463
5 HD227245 9.85 0.60 -060 7.13 2.72 -0.98 0.31 0701) 0.91 0.67 -4.12 -3.33 -7,45 466
6 HD226951 9.16 0.19 -0.73 7.75 1.41 -0.89 0.28 B o sn i 0.47 0.32 -360 -287 -667 4.48
7 HD190967 7.88 0.48 •0.62 5.72 2.15 -1.01 0.24 B in 0.72 0.37 -563 -2.35 -7.88 469
8 HD190864 769 023 -0.78 6.03 1.66 -0.97 0.32 0 7 in 065 0.39 -522 -3.38 -8.60 467
9 HD227586 8.72 0.27 -0.68 7.08 1.64 -0.90 0.28 B0.5IV 0.55 036 -4.17 -2.87 -7.04 4.48
10 HD190429 665 020 -0.78 4.99 1.56 -0.94 0.32 04tf+ 062 0.42 -626 -3.73 -9.99 4.61
11 HD190918 6.77 0.22 -0.80 5.30 1.46 -0.97 0 2 7 09.51+ 0.49 029 -5.95 -2.93 -8.88 460
12 HD227877 8.95 0.17 -0.61 7.67 128 -0.75 0.26 BUY 0.43 0.36 -3.58 -2.60 -6.18 4.44
13 HD190919 723 0.27 -0.67 5.84 1.39 -0.89 0.19 B llb 0.46 032 -5.41 -1.89 -7.30 4.35
14 HD227634 7.86 028 -0.66 6.32 165 -0.88 0.24 BOIb 062 039 -4.93 -2.54 -7.47 4.44
15 HD227621 10.13 027 -0.61 869 1.54 -0.83 0 2 4 B2V 061 0.20 -2.66 -2.35 -5.01 4.36
16 HD227767 9.06 0.01 -0.85 8.31 0.75 -0.86 0.24 B2m 0.25 021 -2.94 -2.35 -5.29 469
17 HD191495 835 0.17 -0.81 7.00 134 -0.94 0.28 BOIV/V 0.45 0.19 4 2 5 -2.87 -7.12 4.48
18 HD227611 8.71 039 -0.76 6.66 2.05 -1.07 0 2 9 Bon 0.68 0.31 4 6 9 -2.99 -768 460
19 HD227696 823 0.25 -0.68 6.71 162 -0.88 0.26 B in 0.51 0.28 4 6 4 -2.60 -7.14 4.44
21 HD191201 7.21 0.19 -0.79 5.75 1.46 -0.94 0.30 Bom 0.49 0.29 -560 -3.12 -8.62 463
22 HD227460 960 0.14 -0.68 8.24 1.26 -0.79 0.28 B0.5V 0.42 0.32 -3.01 -2.87 -5.88 4.45
23 HD191612 7.81 0.26 -0.70 6.10 1.72 -0.91 -0.31 076f?(l) 067 0.49 -5.16 -3.46 -8.62 467
24 HD227680 9.63 0.38 -0.50 7.97 1.66 -0.80 0.17 B3H 065 0.31 -328 -1.46 4.74 4.23
25 HD228104 9.01 0.30 -0.78 7.34 1.67 -1.02 -0.26 B1:IV 066 0.19 -3.91 -2.60 -661 4.41
26 HD191139 7.90 027 -0.71 6.26 1.64 -0.92 -0.28 B0.5HI 065 0.34 4.99 -2.87 -7.86 4.48
27 HD191917 7.76 0.15 -0.73 6.52 1.24 -0.85 0.26 B im 0.41 0.25 4.73 -2.60 -7.33 4.44
28 HD227757 9.15 0.22 -0.78 7.55 1.60 -0.96 0.31 09V 063 035 -3.70 -3.25 -6.95 462
29 BD363882 9.84 0.42 -065 7.79 2.05 •0.89 0.26 B im 0.68 0.41 -3.46 -2.60 -6.06 4.44
30 HD191456 7.40 0.11 -0.82 6.23 1.17 -0.91 0.28 B o.sin 039 0.23 -5.02 -2.87 -7.89 4.48
31 HD228199 927 0.18 -0.71 7.87 1.39 -0.85 0.28 B0.5:V 0.46 029 -3.38 -2.87 -6.25 4.45
32 HD19244S 7.02 0.03 -0.83 6.09 0.93 -0.86 0.28 BO.Snie 0.31 0.22 -5.16 -2.87 -8.03 4.48
33 HD228053 8.79 061 -064 6.55 224 -0.95 -0.24 B in 0.75 0.45 4.71 -2.35 -7.06 4.39
37 BD353929 9.48 0.18 -0.66 8.16 131 -0.80 0.26 B in 0.44 0.30 -3.09 -2.60 -5.69 4.44
38 HD227415 9.23 0.39 -067 7.14 2.09 -0.88 0.20 B3(V) 0.59 0.12 4.11 -1.84 -5.95 427
40 HD227247 9.08 0.35 -0.59 7.39 1.69 -0.88 021 B2n 066 0.32 -3.86 -1.97 -5.83 462
41 HD227465 10.25 060 -0.56 7.81 2.44 -0.96 031 o7cni) 0.81 0.61 -3.44 -3.33 -6.77 466
42 HD191611 6.81 0.30 -0.45 5.07 1.73 -0.69 0 2 8 Bo.sm 068 0.60 -6.18 -2.87 -9.05 4.48
48 BD353986 9.95 060 -060 760 2.45 -0.90 -0.30 BO(V)pe 0.80 068 •3.75 -3.12 -6.87 4.49
49 HD227960 9.45 0.25 -0.75 8.08 1.37 -0.95 -0.21 B2H 0.46 0.16 -3.17 -1.97 -5.14 462
50 HD228007 10.02 0.13 -065 8.78 1.24 -0.66 -028 B0.5V 041 0.45 -2.47 -2.87 -5.34 4.45
51 HD228041 9.04 0.34 -0.70 7.17 1.87 -0.98 -0.28 B0.5V:e 0.62 0.30 4.08 -2.87 -6.95 4A5
52 BD354008 9.17 0.21 -0.59 7.82 1.34 -0.75 0.24 B2BI-IV 0.45 0.32 -3.43 -2.35 -5.78 469
53 HD228301 10.61 0.26 -0.57 9.02 169 -0.78 0.20 B3(V) 0.46 0.11 -2.23 -1.84 4.07 4.27
55 HD227722 961 0.07 -0.69 862 0.98 -0.74 0.26 B im 033 0.27 -2.73 •2.60 -5.33 4.44
56 HD228368 8.37 0.49 -069 5.93 2.43 -0.98 -0.32 07(1) 0.81 0.58 -5.32 -3.60 -8.92 469
57 HD228452 9.72 0.65 -0.15 7.16 2.55 -0.67 -0.20 B3V 0.85 0.53 4.09 -1.84 -5.93 427
58 HD228557 10.26 0.43 -0.31 8.26 2.00 -0.65 -0.24 B2IV(V) 0.67 065 -2.99 -2.35 -5.34 466
22
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.TjMç 4. Çye QB9 Final M^mtohip y  st.
B-V U-B Vo Av O (B-V)o SP.TYPE EfB-V) BU-B> Mvo BC LogfTeff) Mbol
1 H D 193427 9.22 0.45 -0.49 7.10 2 1 2 -0.85 -0.26 BIV 0.71 0.46 -3.65 -2.60 4.41 -6.25
2 HD193855 7.76 0.29 -0.42 6.19 1.57 -0.65 -0.24 B2III 0.53 0.51 -4.56 -2.35 4.39 -6.91
3 BD394131 10.15 0.59 -0.39 7.61 2.54 -0.86 -0.26 BIV 0.85 0.56 -3.15 -2.60 4.41 -5.75
6 HD194334 8.78 0.86 -0.22 5.27 3.51 -0.91 -0.31 07.5V 1.17 0.94 -5.48 -3.25 4.52 -8.73
7 HD229179 9.90 1.06 0.02 5.94 3.96 -0.83 -0.26 BLIII 1.32 0.98 -4.81 -2.60 4.44 -7.41
8 HD229159 8.61 0.96 -0.07 5.23 3.38 -0.83 -0.17 B1.5Ib 1.13 0.87 -5.52 -1.67 4.31 -7.19
9 BD384055 10.41 0.74 -0.24 7.30 3.11 -0.82 -0.30 BOV 1.04 0.85 -3.45 -3.21 4.49 -6.66
10 HILT 960 10.47 1.20 0.12 5.98 4.49 -0.83 -0.30 BOV 1.50 1.20 -4.77 -3.12 4.49 -7.89
11 HD194205 9.04 0.56 -0.34 6.63 2.41 -0.80 -0.24 B2III 0.80 0.59 -4.12 -2.35 4.39 -6.47
13 BD394169 9.77 0.47 -0.39 7.76 2.01 -0.76 -0.20 B3III 0.67 0.35 -2.99 -1.84 4.30 -4.83
14 BD394168 9.91 1.10 -0.06 5.68 4.22 -0.93 -0.31 08III 1.41 1.09 -5.07 -3.25 4.55 -8.32
15 HD229202 9.41 0.86 -0.21 5.90 3.50 -0.89 -0.31 08 V 1.17 0.94 -4.85 -3.25 4.52 -8.10
16 HDI94649 8.95 0.99 -0.12 5.02 3.92 -0.91 -0.32 07 V 1.31 1.05 -5.73 -3,38 4.54 -9.11
19 HD194194 8.07 0.09 -0.72 7.05 1.02 -0.79 -0.25 B1.5IV 0.34 0.21 -3.70 -2.48 4.41 -6.18
20 BD404149 10.21 0.92 -0.15 6.56 3.65 -0.88 -0.30 09.5V 1.22 0.95 -4.19 -3.12 4.49 -7.31
21 HD194279 7.01 1.04 -0.07 3.39 3.62 -0.90 -0.17 B2Ia 1.21 0.93 -7.37 -1.67 4.31 -9.04
22 HD229196 8,49 0.91 -0.22 4.79 3.70 -0.95 -0.32 05(1) 1.23 0.97 -5.96 -3.60 4.59 -9.56
23 BD404179 9.57 0.62 -0.47 6.79 2.78 -0.96 -0.31 08 V 0.93 0.67 -3.96 -3.25 4.52 -7.21
24 BD404185 9.74 0.86 -0.19 6.27 3.47 -0.88 -0.30 BOV 1.16 0.89 -4.48 -3.12 4.49 -7.60
25 HD195213 8.71 0.90 -0.30 5.05 3.65 -1.01 -0.32 0711 1.22 0.88 -5.70 -3.38 4.57 -9.08
26 HD194779 7.78 0.26 -0.53 6.36 1.42 -0.74 -0.21 B2IIe 0,47 0.38 -4.39 -1.97 4.32 -6.36
27 HD194839 7.46 1.02 -0.13 3.74 3.72 -0.94 -0.22 BO.SIa 1.24 0.89 -7.01 -2.27 4.40 -9.28
28 HD228797 9.89 0.90 -0.12 6.48 3.41 -0.83 -0.24 B ill 1.14 0.87 -4.27 -2.35 4.39 -6.62
29 HD228875 9.47 0.25 -0.49 7.94 1.52 -0.69 -0.26 B lIII 0.51 0.47 -2.81 -2.60 4.44 -5.41
30 HD 193946 8.96 0.94 -0.06 5.66 3.30 -0.81 -0.16 B2Ib 1.10 0.83 -5.09 -1.56 4.29 -6.65
31 HILT 970 9.86 1.17 0.04 5.39 4.47 -0.90 -0.32 07(1) 1.49 1.21 -5.36 -3.60 4.59 -8.96
32 HD228712 8.69 1.11 -0.00 4.69 4.00 -0.89 -0.22 B0.5Ia 1.33 1.01 -6.06 -2.10 4.32 -8.16
33 HD193117 8.73 0.59 -0.45 6.07 2.66 -0.92 -0.30 09.511 0.89 0.67 -4.68 -3.12 4.53 -7.80
34 HD228928 9.77 0.86 -0.19 6.72 3.05 -0.87 -0.16 B2Ib 1.02 0.70 -4.03 -1.56 4.29 -5.59
37 HD229I08 9.51 0.82 -0.27 6.40 3.11 -0.92 -0.22 BO.SIb 1.04 0.76 -4.35 -2.27 4.40 -6.62
38 HD229232 9.51 0.84 -0.21 6.02 3.49 -0.88 -0.32 05e(I) 1.16 0.98 -4.73 -3.38 4.54 -8.11
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Fig. 11. Completely reddening free color-magnitude diagram for the 47 "clean" stars 
in Cyg OB3. This plot describes the main sequence of the association. It is used 
in conjunction with the zero age main sequence to calculate the distance modulus.
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Fig. 12. Completely reddening free color-magnitude diagram for the 31 "clean" stars 
in Cyg 0B 9. This plot describes the main sequence of the association. It is used 
in conjunction with the zero age main sequence to calculate the distance modulus.
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This known main sequence line is a theoretical curve called the zero age main sequence 
(ZAMS). The ZAMS has been calculated by numerous independent sources using stars of 
known distance and spectral type. I have adopted a ZAMS from Kelsey, Hoff, and Neff 
(1983) with an extrapolation at the high end using values from Panagia (1973) (Fig. 13). 
This extrapolation was necessary due to the fact that stars on the upper end of the main 
sequence are quite rare. Thus limited information is available for the construction of a 
ZAMS for the high end of the main sequence. Since the x-axes of the ZAMS and the 
unreddened color-magnitude diagrams are identical, the ZAMS may be used as a "sliding 
scale" to obtain the distance modulus (DM) of the associations. This is accomplished by 
laying an unreddened color-magnitude diagram over the ZAMS curve and sliding it in the 
y-direction to best fit the stars to the curve. Because the stars used to construct the 
ZAMS have well known distances, the y-axis provides one with the information to 
compute the distance to the association. The difference in the y-axes' scales is defined to 
be the distance modulus: DM = m - M. Here m = V„, the apparent corrected visual 
magnitude and M is the absolute visual magnitude (the magnitude that would be seen if 
the star were 10 parsecs from earth). I obtained a DM of 11.3 ± 0.5 for Cyg OB3 and a 
DM of 10.8 ± 0.5 for Cyg OB9. The DM for Cyg OB3 fits quite well with the value of 
11.2 published by Crawford et. al. (1974) and Garmany and Stencel (1992). Garmany 
and Stencel (1992), however, note a discrepancy in the distance modulus fitting of Cyg 
0B9. The open cluster NGC 6910, the central portion of Cyg OB9, was fitted with a DM 
of 11.0 using the cluster data of Mermilliod (1981) but the color-magnitude diagram of 
the entire association was fitted with a DM of 10.0. Garmany and Stencel note that their 
color-magnitude diagram is poor. My data tend to support the cluster fitted DM. Recall 
the equation: m,-m2 = -2.5*log(Fi/F2). Since flux is inversely proportional to the square 
of the distance to the star, m^-m; = -2.5*log((d2/d ,)2) or m,-m2 = 5*log(d/d2). If m2 is 
chosen to be the absolute visual magnitude, M, then d2 = 10 parsecs, by definition, m, is 
then the observed apparent magnitude (of any given star on the scale color-magnitude
26
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Fig. 13. Zero age main sequence adopted from Kelsey, Hoff, and Neff (1983) with 
an extrapolation on the high end from Panagia (1973). Mv represents absolute 
visual magnitude.
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diagram) and dj, the distance to the association, may now be calculated from simple math. 
The distances to Cyg OB3 and Cyg OB9 are thus approximately 1800 parsecs and 1400 
parsecs, respectively.
E. The H-R Diagram and Evolutionary Mass Tracks.
The absolute visual magnitude may now be obtained for each star from: M = m - 
DM. These values are listed in tables 3 and 4. An H-R diagram shows a distinct relation 
between temperature and intrinsic brightness. Typically, rather than using the absolute 
visual magnitude of the stars, astronomers use the absolute bolometric magnitude (My^,). 
This is a theoretical value which represents what the magnitude would be over all 
wavelengths of light. M ^, is easily calculated by; = M - BC where BC is again the 
spectral type dependent bolometric correction obtained from Flower (1977). When the 
logarithm of the effective temperature is plotted vs. My ,̂ (Figs. 14 and 15) a simple 
relation can easily be seen: hotter stars are generally brighter.
After the construction of the H-R diagram the next step is to differentiate the stars by 
mass. In order to do this I needed to choose an evolutionary mass-track model. I have 
adopted the mass-loss and convective over-shooting model of Maeder and Meynet (1988). 
Since most visible stars in the galaxy lie in the middle range of the main sequence, most 
mass track models are based upon observations of these stars. The Maeder and Meynet 
model, however, takes into account that hot, massive stars have larger convective layers 
than most and the fact that they lose a significant fraction of their mass due to stellar wind 
throughout their lifetimes. This type of model is obviously preferable since OB 
association stars are both hot and massive. The lines overlaying the stars in Figs. 14 and 
15 represent the theoretical evolution from the ZAMS of specific masses of stars. The 
sharp curves in these mass tracks represent a very rapid event in a star's life, known as the 
initial core collapse. The beginning of the curve to the left is where the star has burned up
28
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Fig, 14, H-R diagram of Cyg OB3 with mass tracks from Maeder and Meynet (1988).
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Fig. 15. H-R diagram of Cyg OB9 with mass tracks from Maeder and Meynet (1988).
30
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
all of its core hydrogen and can no longer resist gravitational collapse with thermal 
pressure. It then begins to shrink and heat up due to compression as is indicated by the 
star's increasing brightness and temperature. When its outer layers of hydrogen compress 
enough to begin fusion, shell hydrogen burning begins. This is marked by the star’s 
decreasing temperature (due to the rapid expansion of the burning hydrogen shell) and 
relatively stable magnitude.
F. The Initial Mass Function.
The theoretical mass tracks of Maeder and Meynet (1988) do not tell us how much 
mass any given star now possesses; the mass tracks only describe the evolutions of some 
stars (as indicated by the mass labels in figs. 14 and 15) from the ZAMS. Thus by dividing 
the stars of each association into mass bins (the area bounded by two consecutive mass 
tracks), I have ascertained the ZAMS mass range of each star. In other words, ever star 
begins its main sequence career with a certain mass. The mass that any given star had 
when it was on the ZAMS must lie between the upper and lower limits of its mass bin.
The purpose of the IMF is to describe the distribution of stellar masses that an 
association was bom with. It is an empirical fact that the stellar mass (greater than one 
solar mass) distribution in the galaxy is described by a power law (see Scalo (1979)); very 
massive stars are rare and low-mass stars are common. This fact, however, cannot be 
entirely explained by different birth rates for varying star masses. Massive stars deplete 
their nuclear fuels much more quickly than low-mass stars. Therefore massive stars have 
short life spans and comprise a very small percentage of the total star population. Since 
the IMF describes an association's initial mass distribution, the problem of differing stellar 
life-times is eliminated. Because the mass distribution is a power law, a log-log plot of the 
IMF will reveal the exponent of the power law.
31
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To calculate the IMF, the number of stars in each mass bin is counted. In order for 
die units of the IMF to fit into a workable range this number is generally divided by the 
area of the association in square kiloparsecs. The radius for each association is easily 
calculated by multiplying the distance by the tangent of half of its angular displacement in 
the sky (see Figs. 1 and 2). Then, assuming a circular area, A = jc(d/1000 tan(6/2))2, 
where d is the distance to the association in parsecs derived from the DM. The areas of 
Cyg OB3 and Cyg OB9 are taken to be 6.8 x lO-̂  kpc^ and 1.1 x lO-̂  kpc^, respectively. 
The IMF is defined to be;
N
A (lo g (M H )-lo g (M L > )
Mjj represents the higher mass bin and Ml the lower bin (see Table 5). All masses used in 
all equations are assumed to be in units of solar mass. The logarithm of die midpoint of 
each mass bin is then plotted against log(^) (Figs. 16 and 17). Since uncertainty exists as 
to the position of stars on the H-R diagram, N is not a well defined number. For this 
reason I calculated a minimum and maximum N for each mass bin. This is the source of 
the error bars on Figs. 16 and 17.
Since the lowest mass bin ( 7 - 9  Mg) contains the smallest, dimmest stars it is highly 
unlikely that I observed all stars of this mass range in each association. Even though the 
highest mass bins in Cyg OB3 and Cyg OB9 contain only one star each, these stars are 
huge and bright. It would have been nearly impossible to have missed any stars in these 
mass ranges during observing. They are therefore presumed complete. The lowest mass 
bin is generally ignored in the calculation of the IMF slope due to its incompleteness. 
Ignoring this low mass bin I have calculated a least squares fit to the other points of each 
IMF plot (see figs. 16 and 17). Using the notation of Scalo (1986) the IMF slope is
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Table 5: IMF Values for Cyg OB3 and Cyg OB9.
Mass Range 
Mo N
Cygnus OB3
# Stars per bin 
Nmax Nmin Xi
IMF
Log(Xi) Log(M/Mo
60-85 1 1 0 1104 3.04 1.86
40-60 0 1 0 1.70
25-40 7 8 6 5719 3.76 1.51
20-25 9 10 5 15464 4.19 1.35
15-20 10 14 8 13333 4.12 1.24
12-15 9 12 4 15464 4.19 1.13
9-12 9 13 7 12000 4.08 1.02
7-9 2 4 1 2698 3.43 0.90
5-7 0 1 0 0.78
Regression Output:
Constant 5.43
Std Err of Y Est 0.27
R Squared 0.72
X Coefficient(s) -1.153
Std Err of Coef. 0.359
Cygnus OB9
Mass Range # Stars per bin IMF (Xi)
Mo N Nmax Nmin Xi Log(Xi) Log(M/Mo
40-60 1 2 1 4941 3.69 1.70
25-40 9 10 7 38363 4.58 1.51
20-25 5 7 2 44823 4.65 1.35
15-20 4 7 3 27826 4.44 1.24
12-15 8 11 5 71717 4.86 1.13
9-12 4 5 1 27826 4.44 1.02
7-9 1 2 1 7978 3.90 0.90
Regression Output:
Constant 5.84
Std Err of Y Est 0.33
R Squared 0.44
X Coefflcient(s) -1.05 
Std Err of Coef. 0.60
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Figure 20.
Initial Mass Function for Cyg OB3
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Fig. 16. Here the x-axis represents the logarithm of the midpoint of each mass bin. 
The y-axis is the logarithm of the IMF, Xi. Xi is in units of number of stars bom per 
unit logarithmic mass interval per square kiloparsec. No error bars are 
associated with the highest mass bin since it contained only one star and its 
location was well placed.
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Fig. 17. Here the x-axis represents the logarithm of the midpoint o f each mass bin. 
The y-axis is the logarithm o f the IMF, Xi. Xi is in units o f number of stars bom  
per unit logarithmic mass interval per square kiloparsec. The steeper slope 
of this plot can be attributed to the lack o f any stars in the 60-80 Mo bin.
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defined to be:
r  = d log [^(log m)]/ d log m 
Here the d’s represent derivatives and ^(log m) is the IMF in units of number of stars born 
per unit logarithmic mass interval per unit area. Presuming a power law mass spectrum
^(log m) = Cm^^
where C represents a constant. For Cyg OB3 T  = -1.15 ± 0.36 and for Cyg OB9 
r  = -1.05 ± 0.6. These slope values may now be compared to other works thereby adding 
another small piece to the puzzle of the galactic makeup.
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IV. CONCLUSIONS
A comparison of my IMF slopes, F  = -1.15 ± 0.36 for Cyg OB3 and F = -1.05 ± 0.6 
for Cyg OB9, to the F  = -0.8 ± 0.5 derived for Cyg OB2 by Massey and Thompson 
(1991) suggests a slightly lower number of very massive stars in Cyg OB3 and Cyg OB9. 
The flattened slope in Cyg OB2 is due to a larger number of stars in the higher mass bins, 
hence raising the right end of the IMF slope line. The Cyg OB3 and Cyg OB9 slopes fall 
in between that calculated by Massey and Thompson and that calculated by Garmany e t  
al. (1982) of F  = -1.3. Garmany et. al. (1982) found a F  = -2.1 for massive stars outside 
the solar circle. This suggests an increasing gradient of massive stars toward the galactic 
center. Since massive stars are the only sources hot enough to fuse heavy elements from 
the more common lighter elements, this trend may be an explanation for the metalUcity 
gradient in the galaxy. It is hoped that the IMF slopes for Cyg OB3 and Cyg OB9 will 
contribute to answering this question.
The IMF, however, is not this thesis' only addition to astronomers' growing library of 
information. Cyg OB3 has gained 15 new members and Cyg OB9 has gained 9. These 
new members allowed me to more accurately determine the distance moduli and IMFs. 
Garmany and Stencel (1992) calculated DM = 10.0 and DM = 11.2 for Cyg OB9 and Cyg 
OB3 respectively. The new DM = 10.8 and DM =11.3 for Cyg OB9 and Cyg OB3 will 
give astronomers another comparison when making distance calibrations for massive stars 
in future studies of OB associations.
The greatest source of error throughout this research project has undoubtedly been 
my choices for spectral types. There is much uncertainty in the published spectral types 
and luminosity classes of hot, massive stars. Certainly much more spectroscopy is 
warranted to clear up this confusion. Also, with the advent of CCD photometry, much
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more detailed pictures of OB associations are possible. It is therefore much easier to add 
new members thus getting more accurate information. Further photometry of many more 
galactic OB associations is needed to answer the many questions posed us by these hot, 
young, massive stars.
Finally I would like to thank Jaylene Naylor for her observing and research assistance 
and Dr. David Friend for his advice and support. This research project was made possible 
by funding from the NASA Montana Space Grant and the JOVE (Joint Venture) program 
at the University of Montana.
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